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[57] ABSTRACT

A reference beam type optical laser Doppler velocime-
ter for emitting two or more probe beams to an object to
be measured at a predetermined angle to multi-dimen-
sionally measure a velocity and/or a displacement vec-
tor of the object due to Doppler shifts of beams re-
flected by the object. This velocimeter includes a fre-
quency shifting means for dividing a laser beam from a
single light source into two or more beams, and shifting
optical frequencies of the beams each by a predeter-
mined shift amount, a photodetecting means for receiv-
ing the reflected and reference beams to obtain a detec-
tion current, and a bandpass filter for causing the detec-
tion current to pass therethrough to obtain a required
signal. |

10 Claims, 6 Drawing Sheets
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MULTI-DIMENSIONAL LASER DOPPLER
VELOCIMETER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a laser Doppler velo-
cimeter for emitting a laser beam on an object to be
measured to measure a velocity and/or a displacement
of the object due to shift of a frequency of the beam, 1.¢e,,
Doppler shift and, more particularly, to a measuring
apparatus for causing one measuring unit to simulta-
neously measure a two- or three-dimensional velocity
vector.

2. Description of the Prior Art
- Conventionally, when a two- or three-dimensional
velocity vector is measured, two or three one-
dimensional velocimeters are combined, and outputs
from the velocimeters are calculated to obtain the ve-
locity vector. In this case, the size and cost of each
apparatus are undesirably increased in proportion to the
number of dimensions, and high-precision setting of a
mcasunng probc must be performed upon every mea-
suring Operatmns For example, a multi-dimensional
velocimeter using an optical fiber and a plurahty of
one-dimensional velocimeters is disclosed in Japanese
Patent Provisional Publication No. 93258/1982. In such
multi-dimensional measurement, however, the follow-
ing problems are posed in practice.

In order to increase a resolution of a portion to be
measured, beams from the probes in the velocimeters
are focused to form a spot. Since a surface which scat-
ters beams is a target as an object to be measured in
many cases, scattered beams from a given measuring
probe are focused into stray beams at another probe,
thus generating crosstalk between the probes. Since this
crosstalk cannot be separated from an original signal, a
velocity cannot be measured in practice. This phenome-
non will be described hereinafter with reference to
FI1G. 1.

FIG. 1 shows an arrangement upon measurement of a
two-dimensional velomty Referring to FIG. 1, a scat-
tered particle 5 which is an object to be measured has a
velocity vector V. The velocity vector V is divided into
an X-direction velocity vector V, and a y-direction
velocity vector Vy. When laser beams having angular
frequencies o) and w2 are emitted from two measuring
probes 1 and 2 which form an angle +a with respect to
the vector V respectively, Doppler angular frequency
shift components Awy and Awy are obtained as follows:

Awxx=2. K. Vysina

(1)

- Awy=2.K-Vycosa @)

where K is the absolute value of a wave vector of each
laser beam, and Vand Vjare the absolute values of the
velocity vectors respectively. A Doppler shift compo-
nent Awisy of a signal beam which passes through a path
of 1—-5—1 and a Doppler shift component Awzs; of a
crosstalk beam which passes through a path of 2—5—1
are defined as follows:
Awis)=Awx—Awy

(3)
Aans)=(A2—A1)—Awy 4)

When independent laser beams are used as a light
source for two axes, a difference between optical fre-
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quencies wz—w; of the two laser beams 1s added to a
crosstalk component. In general, since the difference
between optical frequencies w2—wy of two individual
laser beams randomly and largely changes with an
elapse of time, the angular frequency Awas1 of the cross-
talk component irregularly changes. Even if w2=wjcan
be realized, a relationship between the magnitudes of
the two Doppler shift components Awi51 and Aw2s) 18
changed in accordance with the directions of the veloc-
ity vectors, and only the original signal component
Awis1 cannot be separated. For this reason, in practice,
it is impossible to combine a plurality of one-
dimensional laser velocimeters, each having a laser such
as an He-Ne laser which can select only one frequency

as a light source, and to perform multi-dimensional
measurement.

In order to prevent this, two types of lasers having
apparently different frequencies have been used. In this
method, however, a very large-sized and high-cost laser
such as an Ar-ion laser must be used, and a drawback
that cost is increased in proportion to the number of
axes cannot be eliminated.

OBJECT AND SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
small-sized reference beam type laser Doppler velocim-
eter having a single light source which can perform
multi-dimensional velocity measurement, and can elimi-
nate a drawback that the measurement by a conven-
tional multi-dimensional velocimeter constituted by
combining a plurality of one-dimensional velocimeters
cannot be performed when a crosstalk beam occurs.

In order to achieve the above object, according to the
present invention, there is provided a laser Doppler
velocimeter comprising a frequency shifting means for
dividing a laser beam from a single light source into two
or more beams, and shifting optical frequencies of the
beams each by a predetermined shift amount, whereby
the optical frequencies of the beams are set to be differ-
ent from each other to use the beams as a probe beam
respectively, and to use each one of the beams as a
reference beam having an optical frequency different
from that of the probe beam which is used together with
the reference beam, and a photodetecting means for
receiving beams reflected by an object to be measured
and the reference beam to obtain a detection current,
and a bandpass filter for causing the detection current to
pass therethrough to obtain a required signal.

Since a single light source and a plurality of beams
obtained by shifting the optical frequency thereof at
equal interval are used, and the beams serve as a probe
beam and a reference beam each other, multi-dimen-
sional velocity measurement can be performed by one

apparatus. Crosstalk between probes can be eliminated
by frequency separation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view for explaining signal and crosstalk
beams upon two-dimensional velocity measurement
using a conventional measuring apparatus;

FIG. 2 is a view showing an arrangement of an opti-
cal system in a two-dimensional velocimeter according
to the present invention;

FIG. 3 is a view showing a signal processing system
in the two-dimensional velocimeter shown in FIG. 2;
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FIG. 4 is a view showing an arrangement of an opti-

cal system in a three-dimensional velocimeter according

to the present invention;
FIG. S is a view showing an arrangement of probes in
the three-dimensional velocimeter shown in FIG. 4;:
FIG. 6 is a view showing an angular frequency spec-
trum at each point of the probes shown in FIG. §; and

FIG. 7 is a view showing an arrangement achieved
when an optical fiber is used as the end of each probe.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

10

Preferred embodiments of the present invention will |

be described in detail with reference to the accompany-
ing drawings.

FIG. 2 shows a arrangement of a two-dimensional
velocimeter. This two-dimensional velocimeter in-
cludes a laser light source 6, an ultrasonic light deflector

7 serving as a frequency shifter, a driver 8 for the ultra-

sonic light deflector 7, half mirrors 9, 10, 11 and 12, a

lens 13, photodetectors 14 and 15 each using, e.g., a PIN
photodiode or an APD, and measuring probes 1 and 2.’
A beam oscillated by the laser light source 6 at an angu-
lar frequency wo is divided into two diffraction beams,

i.e., beams of Oth and Ist order. The angular frequency

of the Oth-order diffraction beam (non-diffraction bcam) |

is represented by wo. The Ist-order diffraction beam is
frequency-shifted by a drive angular frequency wr of
the driver 8 to obtain an angular frequency wo+wr. In
addition, wr>>Awx and o> >Aw, are predeter-
mined.

A path of a light beam to be incident on the photode-
tector 14 will be described hereinafter.
A beam emitted from the probe 1 having an angular
frequency wo+ wr is subjected to Doppler shift through
a path of 1-5—1 to be a signal beam having an angular.
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frequency of wo+wr+Awx—Awy This signal beam 1s

incident on the photodetector 14. At the same time, a
crosstalk beam having an angular frequency of
wo— Awy, which has passed through a path of 2—5§-—1,
is also incident on the photodetector 14. In addition, a
reference beam having an angular frequency wq splitted

by the half mirror 11 is incident on the photodetector 14

by the half mirror 10. At this time, an intensity of the

reference beam is set to be sufficiently larger than that
of the signal beam.

As a result, a signal component having an angular
frequency of wr+Awx—Awy, which have passed
through the path of 1—5—1 and a crosstalk component
Awyappear as a detection current for the photodetector
14. When this detection current is passed through the
bandpass filter having Awy substantially as its center
frequency, the crosstalk component i1s chiminated from
the detection current because of wr>>Aw; and
Ar> > Awy An angular frequency which is a difference
between the components Awis1 and Aarzsl is also de-
tected by the photodetector. However, since a signal
intensity of both components is sufficiently smaller than

that of the reference beam, these components are sup-

pressed. Similarly, in the photodetector 15, a signal
component Awr+Awx+Awy which have passed
through the path of 2—5—2 and a crosstalk component
Awy, appear, and the crosstalk component is eliminated
by the bandpass filter.

A signal processing system arranged to obtain a ve-
locity vector is shown in FIG. 3.

The detection currents respectively obtained from
the two photodetectors 14 and 15 pass through band-
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pass filters 16 and 17 each having a center frequency
wr, and the crosstalk components of these currents are
eliminated. Thereafter, these currents respectively pass
through frequency discriminators 18 and 19 for con-

“verting a frequency shift into a voltage. Since output

signals v and v> from the frequency discriminators 18
and 19 are respectively proportional to Vy—V, and
Vx+V,, a sum and a difference of the output signals v
and v, are obtained by an adder 20 and a subtracter 21,
reSpectwely Therefore, velocity components V, and
V, in both the x and y directions can be obtained as
voltages vy and vy including their directions.

FIG. 4 shows an arrangement of three-dimensional
measurement.

Basically, the above-mentioned two two-dimensional
velocimeters are combined so as to be perpendicular to
each other in this arrangement. However, unlike in
two-dimensional measurement, a total of three ultra-
sonic light deflectors 22, 23 and 24 having two types of
drive frequencies are used in this arrangement.

The ultrasonic light deflectors 23 and 24 are driven at
an angular frequency 2wy twice the angular frequency
wyz for driving the ultrasonic light deflector 22. Four
beams are emitted from probes 1, 2, 3 and 4, respec-
tively. The optical frequencies w1, w2, @3 and w4 of the
four beams have differences w; therebetween, in the
order named. These beams are emitted from directions
along the oblique sides of a quadrangular pyramid
shown in FIG. 5. Beams scattered by an object 5 to be -

measured which is a vertex of the pramid are caught as

beams reflected by a single side respectively. The re-
flected beams serve as signal beams. Reference beams
each having an angular frequency different from those
of the signal beams by 2wy are splitted from the beams

by half mirrors.

FIG. 6 shows an anguilar frequency component for
the signal beam, the crosstalk beam and the reference
beam, and the detection current. In FIG. 6, spectrum
components shown with black represent components
40 obtained from the signal beams, and spectrum compo-
nents shown with hatching represent components ob-
tained from the crosstalk beam. When each detection -
current passes through the bandpass filter having a
center frequency 2wy, the crosstalk components can be
eliminated. The detection signals from the probes 1 and
3 respectively include x- and y-direction velocity com-
ponents, and the detection signals from the probes 2 and
4 respectively include y- and z-direction velocity com-
ponents. As the same manner in the two-dimenstonal
velocity measurement, the components pass through
the frequency discriminators, and calculation is per-
formed to obtain three-dimensional velocity vectors
(V.Ir vy and Vi."‘)

As shown in FIG. 7, in order to achieve small size
and good operability, an optical fiber 29 can be used as
a end portion of each probe to guide laser beams to the
probes 1 and 2.

As described above, according to the present inven-
tion, measurement can be performed even if crosstalk
occurs, so that measurement cannot be performed due
to crosstalk in the conventional multi-dimensional velo-
cimeter using a plurality of one-dimensional velocime-
ters. Only one laser serving as a light source is required,
and the number of ultrasonic light deflectors i1s small.
Therefore, a low-cost and small-sized multi-dimensional
velocimeter can be provided.

In addition, since this velocimeter is of a reference
beam type, a signal beam can be obtained in a region
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except a region in which probe beams intersect with
each other. For this reason, the velocimeter according
to the present invention has a dynamic range wider than
that of the conventional two-beams differential type
velocimeter which can measure only a velocity in a
region in which probe beams intersect with each other.
This advantage is very effective for three-dimensional
vibration measurement of a solid substance.
What is claimed 1s:
1. A multidimensional laser Doppler velocimeter
using the reference beam method for emitting not less
than two probe beams to an object to be measured at a
predetermined angle to multi-dimensionally measure a
velocity or displacement vector of the object due to
Doppler shift of beams reflected by the object, compris-
ing: ,
laser beam source for generating a laser beam having
a single frequency,

frequency shifting means for dividing said laser beam
into a plurality of beams, and for shifting the fre-
quency of said laser beam by a predetermined fre-
quency difference, one of the beams having the
same frequency as that of said laser beam and the
other each having different frequencies,

beam splitting means for splitting each of the beams

- into a probe beam and a reference beam, the probe
beam being used together with the reference beam
whose frequency is different from that of the probe
beam,

photodetecting means on which a light beam is inci-

dent to obtain a detection current, and

a bandpass filter means through which said detection

current passes for eliminating a crosstalk compo-
nent from said detection current,

wherein the probe beam is radiated to the object to

produce a scattered beam from the object, the scat-
tered beam being directed to the photodetectin
means, and | -
the reference beam is directed through the beam
splitting means to the photodetecting means
thereby mixed with the scattered beam. |

2. A velocimeter in accordance with claim 1, wherein
an ultrasonic light deflector is used as said frequency
shifting means. |
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3. A velocimeter in accordance with claim 2, wherein
the drive frequency for said ultrasonic light deflector
corresponds to the predetermined frequency difference.

4. A velocimeter in accordance with claim 3, wherein
a Oth-order diffraction beam, the optical frequency of
which is not shifted, and a lst-order diffraction beam,
the optical frequency of which 1s shifted by the dnve
frequency, is obtained by said ultrasonic light deflector,
whereby each one of the beams is used as a reference
beam when the order is used as the probe beam.

5. A velocimeter in accordance with claim 1, wherein
the predetermined frequency difference of each of said
beams is larger than two times the Doppler frequency
shift in frequency of the scattered beam.

6. A velocimeter in accordance with claim 1, wherein
the scattered beam subjected to Doppler shift returns
along a path along which the probe beam is radiated to
said object, the scattered beam is incident on said photo-
detecting means as a signal beam, and the reference
beam is incident on said photodetecting means.

7. A velocimeter in accordance with claim 6, wherein
a light intensity of the reference beam is larger than that
of the signal beam.

8. A velocimeter in accordance with claim 1, wherein
the predetermined frequency difference in frequency of
each beam shifted by said frequency shifting means
corresponds to a frequency band of said bandpass filter
means. -

9. A velocimeter for three dimensional measurement
in accordance with claim 3, wherein one of four beams
in which optical frequencies are shifted by wy respec-
tively, is used as a probe beam, and the other of the four
beams are used as reference beams having the frequency
shifted from the frequency of each probe beam by 2w;.

10. A velocimeter in accordance with claim 9, com-
prising first to third ultrasonic light deflectors, wherein
Oth-and 1st-order diffraction beams, radiated from said
first ultrasonic light deflector which receives a laser
beam from said single light source, and i1s driven at a
frequency of wr, and respectively incident on said sec-
ond and third ultrasonic light deflectors driven at a
frequency of 2wr, and Oth- and 1st-order diffraction
beams are respectively output from said second and
third ultrasonic light deflectors to obtain the four probe
beams and the reference beams, and the frequency 2wz,
corresponds to the frequency band of said bandpass

filter means.
x $ % i |



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 4,990,791
DATED : February 5, 1991
INVENTOR(S) : Hisami Nishi

it is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

Col. 1, line 48, delete +a and insert therefore +a;
Col. 1, line 65, equation (4) should read:

"Aw = (w, = wa,) - ﬁwy

251

Col. 1, line 67, insert the word "two" after the word
"When" and before the word
"independent"

Col. 3, line 54, the equation should read:

T I
Wy >> &wx

Signed and Sealed this
Twenty-third Day of June, 1992

Atrest!

DOUGLAS B. COMER

Attesting Oﬁicer Acting Commissioner of Patents and Trademarks
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